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NATTONAL ADVISCRY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

A PRELIMINARY INVESTIGATION OF THE USE OF CIRCULATION CONTROL
TO INCREASE THE LIFT OF A 45© SWEPTBACK WING BY
SUCTION THROUGH TRATLING-EDGE SLOTS

By Woodrow L. Cook, Roy N. Griffin, Jr.,
and David H. Hickey

SUMMARY

An investigation was conducted to determine the effectiveness of
circulation control by applying suction through treiling-edge slots on
a 459 gweptback wing. Varilous chordwise extents and depths of slot
were investigated with and without deflection of a trailing-edge split
flap. The effectiveness of circulation control throughout a large
angle-of-attack range was determined with porous area suction applied
at the wing leading edge. Limited tests were made with circulation
control applied to a two-dimensional airfoil section.

The results indicated that considerable 1ift increments can be
obtained with circulation control applied to a sweptback wing. It was
determined that the 1ift increments could be maintained throughout the
angle-of-attack ranges where there was no leading-edge air-flow sepsra-
tion. The 1ift increment due to circulation control was a function of
flow coefficient, extent of slot from the trailing edge, and slot depth.

With circulation control applied to the L5° sweptback wing an
increment of 1ift coefficient of 0.45 could be obtained with a flow
coefficient of 0.01k4, and an increment of 1ift coefficient of 0.6 could
be obtained with a trailing-edge split flap deflected 45° and a flow
coefficient of 0.01lk. Large pitching-moment coefficients were associated
with the increases in lift due to ecirculation control. The two-
dimensional airfoil section results are compared with an existing theory
of circulation control and a correlation is made between the two- and
three-dimensional resulis.
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INTRODUCTION -

References 1, 2, 3, &nd 4 indicate that the 1ift of an airfoil
section can be increased without an increase in angle of attack.
According to the theory of Ehlers, reference l, the variation of 1ift
is obtalned by controlling the circulation around an asirfoil through the
use of a sink near the trailing edge of the upper surface of the airfoil
section. Physically, the sink is simulated by suction of air through a
finite slot at the trailing edge of the airfoil sectlon. The analysis
of Ehlers indicates that the most 1mportant varlables which determine
the magnitude of 1lift thet can be obtained by this method are the
quantity of air removed from the potential flow field and the chordwise
position of the slot with respect to the trailing edge. Results from
reference 2 for two-dimensional airfoil sections substantlate the theory
of reference 1 and show that large increases in llft can be obtained on
airfoil sections when suction is applied near the trailing edge.

Many current and proposed airplane designs have severe limitatians
in 1ift due to the low lift-curve slopes of the sweptback, low-aspect-
ratio wings that are being used. Therefore, an investigation was pro- _
posed to determine the increment of 1ift obtainable with clrculation
comtrol on. s 45° sweptback wing. The study wes plsnned to be of s very
preliminary nsture and was mainly for the purpose of determining whether
this method of incressing lift was worthy of more complete 1nvestigation
on swepthback wings. —

The tests on the 45° sweptback wing were gpecifically directed at
providing information on the following general points: (l) Can an
increase in 1ift with thie type of circulation control be realized on °
sweptback wings and, if so, (2) are the trends indicated by Ehlers'
theory and two-dimensional results applicable to the sweptback wing?
(3) Will circulation contrcl remein effective over a useful range of
angles of attack? (&) Does circulation control by suction of air offer
a8 practical means of generating 1ift on sweptback wings?

The two-dimensional experimental work of reference 2 utilized an
NACA 23015 airfoil section which is of greater thickness and different
shape than the airfoll sections used on the sweptback wxng. Therefore,
it wes considered necessary to make two~-dimensional tests of a thinner,
more modern airfoll gection, with circulation control applied to provide,
(1) an evaluation of Ehlers' theory for the case of thinner airfoil i
sections, and (2) quantitative information for comparison with the
regults for the three-dimensional wing. '

The investigations of the three-dimensional sweptback wing were
conducted in the Ames 40- by 80-foot wind tunnel end the two-dimensional
tests were conducted in & 2- by 5-foot wind tunnel. _Thq resplts of -
these investigations are_reportgd here;n.
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COEFFICIENTS AND SYMBOLS

The data are presented in the form of standard NACA coefficients

and symbols as defined in the following tabulation:

™

wing span, ft

loczl chord parallel to plane of symmetry, ft

[P® 2ay

mean aerodynamic chord, -
It

o}

J
c dy
local chord perpendicular to trailing edge, Tt

gection 1ift coefficient, evaluated from pressure distribution

section flow coefficient, =
UgS'
drag coefficient, 9535
Qs
1ift

1if't coefficient,

pitching-moment coefficient computed about the quarter-chord point

of the mean aerodynamic chord, PitChi§§ moment
o514

suction pressure coefficlent, —7;—

total flow coefficlent, Ggg
o

depth of trailing-edge suction slot, ft

chordwise extent of porous area st leading edge measured along
surface normal to leading edge, in.

pressure coefficient, E%ig'
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free-stream static pressurea'lb/sq it VR : o
local static pressure, 1lb/sq ft - - : : -
Plenum chember total pressure, lb/sq ft

volume of &ir removed per unit time by suction, corrected to
gtandard atmospheric conditions, cu ft/sec

free~-gtream dynamic pressure, 1b/sq £t

chordwise dimension of *tralling-edge suction slot messured normal
to trailing edge, ft

wing ares, sg Tt

area, .of model for two-dimensicnal tests, sq ft

thickness of feit, in.

free-stream velocity, f£t/sec

suction-air velocity, ft/sec : . . L
chordwise coordinate parallel to plane of symmetry, ft -
spanwige coordinate perpendicular to plane of symmetry, ft
angle of attack, deg

angle of attack not corrected for tunnel-wall interference, deg

traeiling-edge split-flap deflection measured In plane normal to
hinge line, deg ) ) '

lift-coefficient increment due to trailing-edge suctlion

section-lift-coefflcient increment due to. tralling-edge suction . .

Subscripts

trailing edge S T

component normel to guarter-chord line.. . . _

plenum chember = e - : S

e
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MODEL AND AFPARATUS

Three-Dimensional Model

The geometric charscteristice of the model and a photograph of the
model mounted in the wind tunnel are shown in figures 1 and 2, respec-
tively. The wing had 45° of sweepback of the quarter-chord line, an
aspect ratio of 6.0, and a taper ratio of 0.292. The wing had zero twist
and no dihedral. The airfoil sectlons were symmetrical; the coordinates
in planes normal to the wing leading edge are given in table I. The wing
had trailing-edge split flaps extending from the fuselage to 0.66 semi~
span. The flap chord was 0.25 of the wing chord normel to the guarter-
chord line. The hinge line was located at 0.75 of the wing chord normal
to the quarter chord.

Surface pressure orifices were located at five spanwise stations
on the wing. The spanwise and chordwise locations of the orifices are
given in table II.

Trailing-edge sglots.- The trailing edge of the wing was constructed
ag shown in figure 3. The construction was such that along the entire
gpan of the wing & number of slot configurations of variable chordwise
extent and depth could be invesgtigated. The various chordwilse extents
of slot, measured normal to the wing treiling edge, are given in
table ITI. The lower surface was hinged at the T5-percent-chord line
(chord normal to querter-chord line) so that down deflectlon would
permit air to be removed for chordwlse slot extents less than 3.0 percent;
for these cases, there would have been no finite slot depth unless the
lower surface was deflected. The various depths of slot are given in
table III. The slot chordwise extent and depth across the span were
held within %15 percent of the values given in table III.

Porous leading edges.- The leading edge was constructed with a
porousg surface made of a metel mesh backed with variable-thickness wool
felt. TPigure 3 shows the details of the leading edge. The design
method used for the porous leading edge is discussed in references 5
and 6. The metal mesh was ll-percent porous, had 4,225 holes per square
inch, and had a thickness of 0.008 inch. The chordwise thickness dis-
tribution of the wool felt at various spanwise sections 1s shown in
figure U; figure 5 gives the pressure-drop characteristics for the metal
mesh sheet backed with l/é-inch—thick wool felt. The chordwise extent
of porous surface at five spanwise stations was as follows:




6 . A NACA RM ASLI2l

Spanwise locatlon, percent

Porous-area extent

2h.0 |l k1.2{58.5] 75.7 | 93.0

Percent of chord normal| O to O to| O to | O to | O to
to leading edge - I .3 1.0 2.2 4.0| k.2

Over the area of porous surface where suction was not being applied or _
during tests where nc.suction was used, the surfaces were covered with
a thin, nomporous cellulose tsape.

Suction apperatusg.- Two completely separate guction gystems were
employed; one for the leading-edge ares suction and one for the trailing-
edge circulation comtrol. The ducting for each system is ghown in :
figure 3. Each system was contained in a separate part of the fuselage
which served as a plenum chamber. The leading-edge suction was supplied
by means of a centrifugal compressor driven by variable-speed electric -
motors. Trailing-edge suction was supplied by means of a five~-stage
axial-flow compressor driven by variable-speed electric motors. Multiple~
tube total-pressure rakes were located at the exit of the exhsust ducts
to measgure the total flow quantities. Static pressure orifices were
located in the individual plenum chambers for each system and at several
spanwise positions in the leading-edge ducts. Thermocouples were -
mounted at the exit of each exhaust duct to measure air temperature.

Two-Dimensional Airfoil - —

The two-dimensionsl alrfoil tested in a 2- by 5-foot wind tunnel
had an NACA 64A010 sedtion. A 10.4-percent-chord nose flap was deflected
40o° to prevent leading-edge air-flow separation. The airfoil had a
2=~foot chord and extended across the 2-foot width of the wind tunnel.
Pregssure arifices weré. located on the upper and lower surfaces of the
center line of the airfoilil. The trailing-edge slots were gimilar to
those for the three-dimensional wing including the variable deflection
angle of the lower surface., The two-dimensional airfoll section had a
maximum thickness of 10-percent chord compared to the maximum thickness
of 10.T-percent chord oFf the normal section of the sweptback wing.

TESTS

Tests on the 45° sweptback wing were made to determine the magnitude
of 1ift obtalnable with circulation control applied by suction of alr
through slots having various chordwise extents and depths and to

o
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determine the suction flow guantities and pressures necessary to obtain
the 1ift. Three-component force data were obtalned at zero sideslip for
all slot configuretions investigated. For some configurations pressure
distributions over the wing were measured. The effect of deflecting
partial-span split flaps to 45° and 55° on the increments of 1ift obtain-
able with circulation control applied %o the entire span of the wing
trailing edge was investigated for several configurations of trailing-
edge slots. Tests were also made wiih area suction applied at the wing
leading edge to investigate the effect of circulation control over a
large range of angle of attack without leading-edge air-flow separation.
Thege latter tests were made only with the slots that indicated the
largest Incresse in 1ift with ecirculation comtrol aspplied.

During the tests the angle of attack and free-stream velocity were
held constant as the suction pressure and quantity were varied. This
made 1t possible to obtain the relation between the 1ift increments and
the flow quantity and pressure regqulrements for each slot canfiguration.
The same procedure was used on the tests with leading-edge area suction
applied to obtain the flow quantities and pressure required for leading-
edge area suctlon. The tests were made at Reynolds numbers varying
from 3.7x10% to 5.2x10° (based on mean aerodynamic chord of 6.34 feet).

The distribution of suction across the span of the wing was
unsatisfactory as was Indicated by suction tests with no flow over the
model. Very little suction was obtained outboard of 65-percent span
et the lower flow quantities and no measurable amount outboard of -

75 percent for even the higher flow quantities.

Limited tests were made In the 2- by 5~foot wind tunnel on a few
glot configureations at o° angle of attack. The Reynolds number of the
tests was 1.8x10® based on a 2-foot-chord model. The section 1ift
coefficients were determined from measurements of surface pressure dis-
tributions on the model.

CORRECTIONS

Tunnel-wall corrections for a stralght wing of the same srea and
gpan as the sweptback wing were applied to the angle-of-attack and drag-
coefficlent data. The procedure was followed since an analysis indicated
that tunnel-wall corrections were spproximately the same for straight
and swept wings of the size under consideration. The following incremente
were added: '

fa'ad

Nop = 0.007k C1®
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No corrections were made far strut tares or for strut interference.
All flow coefflcilents were corrected to stendard sea-level conditions.
The effect of the thrust of the exhaust jets was accounted for in the
drag. No correctiong were mede tc the two~dimensional data.

RESULTS AND DISCUSSION ™

Relatively little research has been done ou ¢lrculation control
effected by means of.suction of ailr through slots at the trailing edge
of airfoll sections and no investigetions have been made of circulation
control applied to a large-scale sweptback wing. Therefore, before enter-

ing directly into the results of this investigatlion, a brief summary based

on Ehlers' theory (ref. 1) of the principle of circulation control and the
main varisbles determining its effectiveness will be given. Thls type of
circulation control is a means of producing incresses in 1ift, without
change in attitude through suction of ailr from the flow field into a slot
near the trailling edge of the airfoil upper surface. By removing the air
through the slot a sink effect is formed at the slot and thue, theoreti-
cally, to satisfy the Kutta condition at the traillng edge of the airfoil,
an increase in cilrculation is necessary.

To avoid confusion, it must be noted that there is a sharp
distinction drawn herein between boundary-layer control and circulationm
control by suction. Boundary-layer control is a method of overcoming
the reductions in 1ift caused by air-flow separation due to viscous
effects. Therefore, 1n the broadest sense, boundary-layer control can
also be comsidered a Torm of circulation control since when air-flow
separation ls prevented with boundsry~layer control an increasge in cir-
culation is obtained. Circulation control by suction, however, is a
method of increasing circulation in the absence of any viscous effects;
for example, at an attitude of 0° where the viseous effects on the 1ift
are esgsentially zero for a symmetrical airfoil section, an increase 1n
1ift is obtained with circulation control. : :

Ehlers' theory indicates that the varlables which control the -
effectiveness of circulation control are: first, the quantity of air ..
removed from the flow field; second, the chordwise extent and.position -
of the glot relative to the trailing edge; third, the thickness of the
airfoil section; and fourth, the thickness distribution. The increment
of 1ift obtainable with circulation comtrol can be expressed roughly as

ACZ=K/CTQ‘

<



2G

NACA RM ASLI2L i 9

This expression is for a slot at the airfoil trailling edge which,
according to theory, is the most effective type of slot. The foregoing
expression is exact for slots of zero width located at the treiling
edge. In this case, the constant K is primarily a function of airfoil
thickness; for example, for a flat plate the constent is equal to 10.0,
whereag for an airfoll section having 15-percent-chord thickness the
constant is equal to 10.7 and for a circle the constant is equal

to 1k.1. Thus, in the usual range of airfoil thicknesses, -thickness
variation has little effect on circulation control when compared with
the effect of flow coefficient. For slots having finite width and
extent from the trailing edge, which would be the practical case, the
foregoing expression for 1lift increment is not exact. However, the
expression can still be used to indicate the effect of chordwise extent
of slot on lift increment at a given flow coefficient. For example,
for a 15-percent-thick section at a flow coefficient of 0.03, the value
of K varies from a meximm value of 10.T7 for a slot of zero width at
the trailling edge to a wvalue of 8.1 for a l-percent-chord slot and .to
a value of 7.0 for & 3.0-percent-chord slot. From the foregoing, based
on Ehlers' theory, it can be concluded that the primary control of 1ift
increment is the direct effect of flow coefficient, that slot geometry
has an important effect, and that airfoil thickness and thickness dis-
tribution have relatively small effects.

In view of the limited redearch on circulation conitrol, the main
emphasis of this report will be directed toward determining the effec-
tiveness of circulation control on a relatively thin section and also
determining whether the trends indicated by theory are applicable to a
three~dimensgional sweptback wing. The first phase of the report will
show the correlation of the two-dimensional-section results with theory.
The second phase will indicate the magnitude of 1ift obtainable and the
power requirements for circulstion control on & three-dimensional swept-
back wing. The third phase will indicate the effect of slot width and
slot depth on circulation coontrol. The fourth phase will show the
effect of split~flap deflection on circulation control, and the fifth
phase will show the effectiveness of circulation control over a range
of angles of attack and will indicate the effect of circulation control
on air-flow separation. '

Correlation of Two-Dimensional-Section
Resgults With Ehlers' Theory

The results of tests made with circulation control applied to the
two~dimensional airfoil dection are shown in figure 6 and are compared
to theoretical variations of 1lift with flow coefficient based on
Ehlers! theory (ref. 1) and to the theory of reference 3. The values
of 1ift increment, Acy, for the experimental results are the values of

———
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1ift inecrement due to circulation comtrol obtained by suction only. For
all slots that were tested having chordwise extents less than 3.l-percent
chord, it was necesgséry to deflect the lower surface to provide suffi-
cient depth of slot for alr to pass through the slot. The results for
the slot heving 3.l-percent chordwise extent and a depth of O.5-percent
chord formed with no lower surface deflection indicate that the exper-
imental velues of lift coefficient are approximstely 20-percent lower
for a given flow ccefficlent than Ehlers' theoretical values for a
3.0=percent slot for a flat plate. The results obtained with the
l-percent-chord slot having 1-percent ~chord depth formed by deflecting
the lower surfece approximately 1. 8° indicate that greater 1lifts can
be obtained with suction than are indicated by theory for the 1l.0-percent
slot on a flat plate. Up to a flow coefficlent of 0.02 the results are

esgentially equal to the maximum theoretical varlation, Ac, =10, /¢cq,

which 1is predicted for the. case of a slot of O-percent chord located at
the trailing edge of a flat plate. For both 3.1- and 1.0-percent-chord
slot configurations the experimental data are in much better agreement
with Ehlers' theory than with the theory of reference 3. The results
for the third slot, having a chordwlse extent of 1.0-percent chord and
a depth of 1l.3-percent chord, indicated that larger values of 1ift can
be obtained than the meximum predicted by theory at flow coefficients
above sbout 0.Ql.

Therefore, based on the two-dimensionel results, it ¢can he
concluded that, first, the meximum variation of 1ift increment with
flow coefficient estimated by Ehlers' theory gives a reasonable indica-
tion of value of 1lift which can be obtained with circulation control
applied to a relatively thin airfcil section (slot extent and depth
about l-percent of chord); second; the theory does give the proper
trends for the effects of chordwise extent of the slot relative to the
trailing edge; and third, the results indlcate that a slight deflection.
of the lower surface may have considerable effect on the 1ift obtainable
with clrculation control an effect which is not considered in Ehlers!
theory.

Effectiveness of Circulation Control
on & Sweptback Wing

The results of tests obtalned with circulation control applied to
a 45° sweptback wing for the tralling-edge slot that gave the largest
increase in 1ift with flow coefficient will be discussed herein. These
resulte were obtained with a trailing-edge slot having l-percent-chord
extent and 1.3-percent-chord depth and are shown in figures 7, 8, and 9
for an angle of attack of 0°. The variation of wing 1ift coefficient
with total flow coefficient, the corresponding chenges in pitching
moment, and the suction pressure coefficients required are shown in
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figure 7. The section pressure distributions at five spanwise sections
corresponding to the various flow coefficients are shown in figure 8
and the spanwise variation of section 1lift coefflcient for the respec-
tive flow coefficients is shown in figure 9.

The data indicate that considersble increase in 1lift can be
obtained with circuletion control with no increase in incidence, in
this case an increment of 1ift coefficient of about 0.45. However, it
is believed that larger 1ift increments could be obtained with more
optimum installations. It is fairly certain that the meximum 1ift
increment was limited, at least partially, due to the fact that the
gectlon values of suction flow coefficient at the inboard sections and
the outboard sections of the wing fell off considerably below the values
in the region of the mid-semispan.

In assessging the practicality of achieving high 1lifts through
circulation control it is of interest to estimate from the two-
dlimensional results the maximum values that could be realized and the
corresponding cost in power. It is first necéssary to demonstrate
that the two-dimensional results can be applied to the three-dimensional
case with an acceptable degree of accuracy. Such a demonstration is
given in the Appendix; while a considerable degree of epproximation is
involved, it is believed sufficiently accurate for the stated purpose
of a preliminary look at the practicality of circulation control on an
airplane. : :

The power reduction possible through adequate control of spanwise
suction air flow is indicated by the following comparison. The power
required to obtain a lift coefficient increment of 0.38 for the case
investigated (slot s8/c' = 0.01, d/c’ = 0.013) is compered with that
required provided all the sections were operating at equal section 1lift
coefficients of 0.43 over a major portion of the span to give a total
1ift coefficient of 0.38; a section flow coefficient of 0.0095 would be
required in this latter condition. In this ingtance the total flow
coefficient would be reduced from a value of 0.0064 to 0.0060 while the
power would be reduced from & value of T3 horsepower to an idesl value
of 42 horsepower for a free-stream velocity of 100 miles per hour.
(Equivalent duct losses have been assumed in each case.) Some of the
reduction in horsepower is due to the lower suction pressures that
would be required with a uniform distribution of section 1lift increment,
whereas with nonuniform spanwise distribution higher suction pressures
would be required in the regions where the gection 1ift increments were
considerably greater than the 1ift increments for the case with uniform
distribution. For a full-ecale airplane of LOO square feet of wing
area and a 'wing loading of 40 pounds per square foot, the power required
in level flight to obtain the total 1ift coefficient of 0.38 would be
850 horsepower for this ideal installation.
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In the two casges Just compasred, the simple sweep anslysis indicates
that the section lifts did not or would not reach the value of 1lift
coefficient where the two-dimensilonal lift coefficlent ceased to rise
rapidly with flow coefficient (figure 6 up to flow coefficients of
about 0.015). ' If now it 1s assumed that full flow contrgl were obtalned
for the model having ‘the same trailing-edge slot (s/c' = 0.01,
d/ct' = 0.013) with a section flow coefficlent of 0.015 existing across
the entlire span, thenn from consideratlons of simple sweep theory and
the two-dimensional results of figure 6 a wing 11ft Increment of approx-
imately 0.65 would be predicted, assuming that the two—dimensional results
were directly applicable. In any case, this would be the most optimistic
value of 1lift increment obtainable. However, the power required would be
very large for a full-scale airplane of hOO—square—foot wing area and a
wing loading of 40 pounds per square foot. The flow coefficient required
based on the total wing area and the free-stream veloclty of 155 miles
per hour would be approximstely 0.0l. If it is assumed that the duct
losses and suction pressure coefficlent are equivalent to those for the
model of thie investlgstion then the power required would be approxi-
mately 2,400 horsepower. It is therefore concluded that based on ‘this -
investigation, the use of cilrculation control with no change in attitude
a8 & high 1ift device will require a large sdurce of power. Although
some gains possibly could be made with 1mproved slot design, these reduc-
tions would be small ‘¢compared to the over-all power. requirements neces-
sary due to the large flow quantitles. It should be noted that the power
requirements would be less at higher angles of. ‘attack than 0° due directly
to the lower forward speeds and this will be discussed in a later gection
of the report. :

Effect of Slot Cdnfiguratioﬁ5dﬁ"5£r6Eig£ie;iébﬁ%rel;

A varisble that, according to Ehlers' theory, has a significant
effect on determining the 1ift increment obtainable with elrculation
control is the chordwise extent of the slot from the traillng edge.

‘Thils variable has an &ffect only if the slots are reasonably close to

the tralling edge and then the effectiveness of circulation control theo-
retlcally will increase as the slot posltion approaches the tralling edge,
with the meximum values of 1lift obtained with suction at the trailing
edge. For the case with slots significantly distant from the tralling
edge, theoretically the 1ift increment obtainable. wlll be dependent only
upon the gquantity of flow removed regardless of slot position.

A variable that was not considered in Ehlers!' theory 1s the effect
of small deflections &f the lower surface near the trailing edge, as _
shown in figure 3. In these tests, as discussed prev1ously, these deflec-
tions were necessary to form slo s of sufficient depth to allow the air .
to be drawn into the wing.
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The two-dimensional results discussed previously indicated that
both of these variables, slot extent and lower-surface deflection, had
an appreciable effect on the 1lift obtainable with cireulation control.
To determine whether the same trends are true with circulation control
applied on a 45° sweptback wing, and to determine whether the slot for
which the data were obtained was near the optimum, data were obtained
with various slot configurations. It must be noted that the spanwise
distribution of suction may have changed with changes in the area of
the suction slot. Therefore, the results indicated in the following
sections may not be applicable to wings having duct configurations which
differ from the test model.

Chordwise extent of slot.- The variation of the 1ift increment,
due to circulation control, with flow coefficient is given in figure 10
for various chordwise extents of slot, all having the same lower-surface
deflection and hence having approximately the same glot depth. The
results are shown in figure 11 ag a function of chordwise slot extent
and indicate that for slot extents greater or less than 0.9-percent
chord the effectiveness of circulation conirol is reduced. TFrom the
results, it appears that Ehlers' theory indicates proper trends for
slot extentes larger than 0.9-percent chord. The losg in effectiveness
for slots having smeller chordwise extent than 0.9 percent is believed
to be due to air being drawn into the slot from the lower surface as
well as the upper surface which would tend to cause a logs in circula-
tion; this effect will be discussed further in the section concerned
with circulation control applied in conjunction with a trailing-edge
split flap.

Depth of sglot.- The variation of 1ift inecrement, due to circulation
control, with flow coefficient for wverious depths of slot having a
chordwise extent of 0.6-percent chord is shown in figure 12. The
results are shown in figure 13 as a function of slot depth and indicate
that for the O.6-percent-chord slot an increase in thé effectiveness of
circulation control is obtained with increases in slot depth up to
about l.l-percent chord. With slots depths gresater than 1.1 percent, a
decrease in effectiveness is obtained. However, from the results of
tests of a number of slots depths, figure 1k, 1t appears that each slot
depth investigated has an optimum chordwise extent. It cen be concluded
that for the various chordwise extents of slots teasted the depth of slot
or the deflection angle of the lower surface was found to be an
important variable as the results indicate that this variable can alter
the resultent 1ift gain with circulation control by as much as
100 percent.

Fad
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Effect of Trailing-Edge Split Flap on Circulation Control

In an effort to increase the 1lift obtained by circulation control,
e trailing-edge split flap was deflected 45° end 55°. The results are
shown In figures 15 and 16 for an angle of attack of &pproximately 0°.
The results are given for a full-spen slot (slot chordwise extent of
O.4-percent chord and slot depth of l.2-percent chord) that gave the
largest increase in 1lift with the flaps deflected. The 1ift increments
due to circulation contrdl with flap deflections 45° and 55° are approx-
imately equel and for any value of flow coefficient available. are
greater than obtained with no flap deflection. In each case, a maximum
inerement of lift of about 0.61 was obtained with a flow coefficient of
0.01k with the split flaps deflected, Whereas with no flap deflection
and with a flow ccefficient of O 0158 the largest increment of 1ift
obtained was 0.45. :

As in the case of no flap deflection, the effect of chordwise slot
extent on circulation control applied with a split-flap deflection of
h5 was studied. The results are shown in figure 17 as the variation
of 1ift increment duve only to circulation control with slot chordwise
extent for the slot depth (approximately l.2-percent chord) that gave
the largest increase in 1ift. The lower-surface deflectlon for this
study was the same as for the previous study of slot extent with zero
flap deflection. A comparison of figure 17 with figure 11 (which is
for no flap deflection) shows that an increase in the effectiveness of
circulation control was realized when the flaps were deflected. For
flow coefficients above 0.004, the magnitudes of 1lift and the trends
are essentially the same far both cases for slot extents greater than
0.9-~percent-chord slot. However, w;th_the split flap deflected the
effectiveness of circulation control continues to increase as the slot
extent is decreased to O.l4-percent chord, whereas with no flap deflec=-
tion the effectiveness of cilrculation control decreages with slot extenis
less than 0.9~percent chord. The trend of increased effectiveness of
circulation control with decreased chordwisge extents of slot with the
eplit flaps deflected is believed to be due to the effect the flaps
have on the flow at the trailing edge. With the flaps deflected the
streamlines 1n the region of the trallinhg edge are turned downward.
Hence, with smaller chordwise extents of slot than 0.9-percent chord,
the air continues to be taken into the slot from the upper surface
rather then from the lower surfasce as was believed to be the case with
no flap deflection and- the small slot extents. Therefore, an increase
in ecirculation is obtained with the air removed from the flow field
of the upper surface through slots nearer the trailing edge, as was
indicated by theory.

The effect of slot depth or lower-surface deflection on cilrculation
control with the split flaps deflected is generally the same as discussed
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previously without a flsp deflection. The results are shown in figure 18
for chordwlse slot extent of 0.6 percent and indicate the slot-depth
variable has a large effect on the increment of 11ft attainable with cir-
culation controle.

Effect of Circulation Control on Pitching Moment

The pitching-moment changes associated with the increasge in 1ift
due to circulation control are shown for an angle of attack of approx-~
imately O° in figure 7 for O° of flap deflection and in figure 15 for
450 and 55° of flap deflection. In each case the pitching-moment changes
agsociated with circulation control are lsrge. For example, a comparison
between the pltching-moment variation with circulation control and that
associated with a split-flap deflection indicates that for an equal inecre-
ment of 1ift the pitching-moment change with circulation control is
nearly twice as large as that given by the partial-span split flap
(ACm/OCT, = 0.5 with circulation control snd ACm/ACL 2 0.3 for deflection
of split flap). Similar large changes in pitching moment accompanied the
increases in 1lift with circuletiorn control when applied with the split
fleps deflected. The reason for the large negative increase in pitching
moment 1s indicated by the change in the chordwise distribution of pres-
sures on the upper surface with circulation control aspplied, shown in
figure 8 with O° flap deflection and in figure 16 with the flaps
deflected 45°.

Circulation Control at Angle of Attack

The results of applying clrculation control to an asircraft wing
have thus far been presented only at an angle of attack of approximstely
0°. Theory indicates that the increment of 1lift obtainable with circu-
lation control should remain essentially constant with angle of attack
provided that no alr-fiow separsition is occurring on the wing or airfoil
section. Investigations were undertaken on the 45° sweptback wing to
determine the effectiveness of circulation control on the sweptback wing
over & range of angles of attack and the effect that alr-flow separation
on the wing would have on the effectiveness of circulation control.

The static longitudinal results with circulation control applied
to the 45° sweptback wing are shown in figures 19 and 20 for 0°, 45°,
and 55° of flap deflection. The results are shown for suction applied
to only the slots that, for each flap deflection, gave the largest
increases in 1ift coefficient at an angle of attack of 0°. In figure 19,
the 1ift, drag, end pitching-moment characteristics are shown for

S
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circulation control applied to the slot having 1.0-percent chordwise
extent and l.3-percent-chord depth with the flaps at zero deflection.
The increment of 1lift due to circulation control is essentially constant
up to an angle of attack of 4.2°. At higher attitudes leading-edge
air-flow separation, which began at the outboeard sections and progresased
toward the root with increases in angle of attack, resulted in large
reductions in.the increment of 1ift obtained with circulation control.
The loss in effeéctiveness occurred first at spanwise sections where air-
flow separation was occurring. Simllar trends with angle of attack are
shown by the force data in figure 20 vhere circulation control was
applied to the wing with 45° and 55° of split-flap deflection.

To study the effectiveness of cilrculation control at higher angles
of attack than those shown in figure 20, area suction was applied through
a porous surface at the wing leading edge to delay ailr-flow separation.
The results of these tests with the split flaps deflected h5°;are shown
in figure 21 and indicate that the effectiveness-of circulation control
remsined essentially constent up to an angle of attack of about 14° where
alr-flow separation occurred on the wing. The flow-coefficient and
pressure-~coefficient requirements for the circulation control and the
requirements for leading-edge area suction are given in table IV for the
date presented in figures 20 and 21. Based on the results shown in
figure 21 and table IV, the power requirements were calculated for an
airplane of 400 square feet and a wing loading of 4O pounde per square
foot. The results are shown in figure 22 for a range of angles of
attack. Although the power requirements are reduced considerably with
increasing angle of attack, the requirements are sgtill very large wilth
the distribution of suction obtained in this investigation.

CONCLUDING REMARKS

The results of a wind-tunnel investigation of circulation control
applied by suctlion of alr through slots at the trailing edge of a swept~
back wing indicate the following: (1) Considerable increase in 1ift can
be realized on sweptback wings with this type of circulation control,
(2) the trerds indicated by theory and two-dimensional section results
are applicable to a sweptback wing, (3) this type of circulation eontrol
remaing effective throughout the angle-of-attack range when no alr-flow
gseparation is occurring on the wing, and (4) large power requirements
are necessary to obtain a sizable increase in 1ift with circulation
control.

For ‘the particular model under investigation, an increment of 1ift
of 0.45 was obtained with a flow coefficient of 0.01l4 with no flap
deflection, and an increment of lift of 0.6 was obtained with a flow
coefficient of 0.01k with split flaps deflected 45°. The increment of

it
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1ift obtalined with circulation control is accompanied by large increases
in the negstive value of pltching moments.

Ames Aeronautical Laborstory
National Advisory Committee for Aeronautics
Moffett Fleld, Calif., Sept. 21, 195k
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APPENDIX

CORRELATION OF TWO-DIMENSIONAL SECTION DATA

WITH SWEPTBACK~-WING DATA

Asg pointed out previously in the text, the spanwise distribution of
flow coefficilent was not uniform for the sweptback-wing tests and hence
the results are probably not an indication of the maximum value of 1ift
obtainable with circulation control for the available suction power.

To obtain an indication of the magnitude of suction power requirements
and also possible 1ift increments obtainable with a uniform spanwise
distribution of suction, the two-dimensional section results were used
to estimate the values of 1ift snd power for the sweptback wing for
purposes of considering possible application of circulation control to
airplanes. '

A correlation between the three-dimensional swept-wing results
and the two-dimensional section resulits is made herein to substanitiate
the use of the two-dimensional section results with circulation control
for making the foregoing estimations. The coarrelation is made for the
same slot configuration for the three-dimensiomsal and two-dimensional
models, having a l.O-percent-chord extent and l.3-percent-chord depth
in each cagse. Inasmuch as the actual values of suction flow coefficient
were not measured at various spanwise sections of the sweptback wing, it
was necessary to use an Indirect method of correlation. It was assumed
that the differences in airfoil shape ‘and thickness of the two-dimensionel
section and the airfoil section normal to the gquarter-chord line would
have little or no effect at least within the accuracy of this epprox-
imate correlation.

Procedure

The specific steps in making the correlation were as .follows.
First, the simple sweep concept was applied to the negative pressure
at 97.5-percent chord obtained from figure 8 for the various spanwise
sections and flow coefficients by the following relation

P
P = ——
n cos® A

where P is the pressure coefficilent based on the free—stream velocity,
P, 1is the pressure coefficient based on the normel component of the free-
stream velocity, and A 1s the sweepback angle of the gquarter-chord line.
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Second, with the normal value of pressure coefficient known, the section
1ift coefficient due to circulation control based on the normal component
of velocity was determined from the two-dimensional section date shown in
figure 23 where the variation of section 1ift with surface pressure coef-
flecient at the 97.5-percent chordwise section is shown. Third, the sec-
tion flow coefficients were then determined, for the l.0-percent~chord
slot with l.3-percent-chord depth, from the curve shown in figure 6.
Finally, the flow quantities and section lifts were summed up across the
span. The following relstion was used to obtain the total flow coeffi-
cient, assuming that both wing panels were identical in 1ift and flow
distribution.

_ 2 rye

where 1 1is the spanwise length of the trailing edge. A comparison
between the measured and calculated 1lift coefficients and flow coeffi-
cients 1s given in the following table:

Measured |MeasuredjCalculated|Calculated Percent
T, Cq 2CT, Cq error in Cq
0.18 0.0026 0.18 -0.0018 30.7

.38 .006k .36 .005k 15.6
A3 .0099 A5 .0082 18.2
Ll .0136 .51 .0103 2h,2
A5 .0158 .56 0129 18.3

The comparison of the 1ift increments calculated and measured for
the particular values of measured flow coefficients is shown in
figure 24. It should be noted that the entire procedure is subject to
several limitations which if they could have been accounted for would
have made a difference in the correlation.

1. The section data were obtained with a deflected nose flap,
whereas the three-dimensional data were obtained with no nose-flap
deflection and appear to be affected by air-flow separation at the
higher values of flow coefficient as indicated by the pressure distri-
butions of figures 8(e) and 8(f).

2. The spanwise distributions of section 1lift coefficient

calculated by this method are considerably different from the measured
distribution shown in figure 9.



20 s NACA RM AShI21

3. The loading induced at the tip sectlons when cilreulation control
is applied inboard and the carry-over of loading across the fuselsge were
not accounted for. ' . o

Despite the relative grossness of this correlation, it is believed
to be of sufficient value to justify the analysls and conclusions made
In the text. "It dces not appear thet the lnadequacies of the analysis
would lesd to appreclable error in the calculated power required for the
idealized csses based on available two-dimensionel results and uniform
suction distribution.
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TABLE I.- COORDINATES IN PLANES PERPENDICULAR
TO WING LEADING EDGE OF THE 45° SWEPTBACK
WING, PERCENT CHORD R

Station Ordinate
o) 0
.362 . 773
. 5&’3 . 933
.906 1.181
1.819 1.629
3.664 2.258
5.534 : 2.737
T.432 o 3.141
12.311 3.791
15.302 4.309
'19.410 b,71h
23.645 5.030
28.011 5.247
32.511 5.369
27.158 5-32?
1.950 .
l+6.?39'9 ' 2-892
4. 2kg
57.301
€2.711 . 3.768
68.h32 3.220
T4.295 , 2.629
80.373 2.014%
86.669 1.377
93.208 . .715
100 .028

Leading-edge radius = 0.863.

NACA RM A5LT21
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TABLE II.- LOCATION OF PRESSURE ORIFICES

. . Chordwise positionsl of
Spa2¥12§i§222210ns orifices (on upper and lower
surfaces at each station)
Station { Percent Orifice Percent
number | semispan number chord
1 2k.0 1 0
2 ki.e 2 .25
3 58.5 3 3
L 5.7 L 1.0
5 93.0 5 1.5
6 2.5
T 5.0
8 7.5
9 10.0
10 15.0
11 20.0
12 30.0
13 ko.0
15 60.0
16 70.0
17 80.0
18 0.0
19 95.0
20 97.5
lorifices omitted: : 'ﬁ

Station 1: upper-surface numbers 3 and 5,
lower-surface mmbers 3, 4, 5, and 13.

Station 2: upper-surface number 11, lower-
surface numbers 10, 11, and 17.

Station 3: upper-surface numbers 5 and 6,
lower-surface numbers 3, 10, and 11.

Station 4: lower-surface numbers 3, 9, 10,
and 11.

Station 5: upper-surface numbers 15, 18,
and 19, lower-surface numbers 3, 5, and 10.

23
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TABIE IIT.- TRAILING-EDGE SUCTION SLOT DIMENSIONS .

Slot Slot

dimension} designation A B ¢ D B F G
s/c! ) mem | am= | === | == |0.013)0.020] ---
d/C‘ -—— - - - .OO}-I- -005 -
s/e! o aa= | === [0.005] === | .013] .020]0.028
a/c! e | === | .005| === | .005} .006| .008
s/ec! 3 -~- lo.ook4} .006l0.010} .012| .020} .029
afet --- | .010| .010} .010| .011| .022| .013
8/c! L 0.003} .ook| .006{ .010| .013| .020| ---
afct .012| .012} .013| .013| .01k| .015| ---
sfe’ 5 --- | .005] .007| === | .016} .022]| ---
a/ct -<= | .o21] .021] --= | .023| .02L4| ---

e eatm—
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- TABLE IV.- FLOW AND PLENUM-CHAMBER
PRESSURE COEFFICIENTS
(a) Table for figure 20

_ or = 45° | 8e = 55°
@ CrL, CQI'E Crt, CQ'I‘E
0.4} 1.05(0.0162(1.07| 0.01k0
k.311.26) .0166|1.25] .0143
8.3}1.24| .0o1k7{1.23] .0148
10.4}1.22] .015211.20] .0157
2.411.17) 0158117l .0157

(b) Table for figure 21

o | OL} Corg | Cap | CPm| Pip
0.2]1.05{0.0130| === |=-34.0] ---
k.3§1.28] .0131|0.0017|-3k.2| -5.0
: 8.4]1.50f .0134} .0019}{~-35.0| -8.3
10.5{1.59{ .0135| .0024{-35.0]-11.7
12.6]1.66} .0137| .0026}-36.0|-13.2
- 1h.611.71) .0o1kol .0027){-37.7!-15.0
15.6(1.62f .0121| .0032|-30.2]-15.2
16.411.54) .0123| .0031}-30.5}-15.0
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Figure 3.- Schematic disgram of wing.
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Figure 5.- Calibration of suction-air velocities for porous mesh sheet
backed with one-half-inch wool felt material.
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(a) Cqpy = 05 Cr = 0-05

Figure 8.- Chordwise pressure distributions on 1!-50 sweptback wing with
eirculation control; slot, s/c' = 0.01, d/c' = 0.013; ay = O.
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(b) Cqpp = 0.0026, Cr, = 0.23

Figure 8.~ Continued.
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(C) CQTE = 0.006)-[-, CL = 0.11-3

Figure 8.- Continued.

37



38

(a) Cqrg = 0.0099, Cr, = 0.48

Figure 8.- Continued.
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(e) Comg = 0.0136, Cr, = 0.k49

Figure 8.- Continued.
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Plain symbols with
circulation control

Flagged symbols without
circulation control
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(£) Cogp = 0.0158, Cp, = 0.5

Figure 8- Concluded.
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/e’ = 0.013.
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cq = 0.0138.
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Figure 17.- Variation of 1ift increment due to circulation control with chordwise extent of slot;
By = 45°; slot, d/c' & 0.0139, qy = O°.
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slot depth; slot extent, s/c' ¥ 0.006; &r = 45°; ay = 0°.
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Figure 19.- Longitudinal characteristics of wing with and without circulation control; slot,
afe' = 0.01, Eﬁc‘ = 0.013.
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Tigure 20.~ Longitudinael characterietics of wing with and withoutl circulation control;

afet = 0.00k, dfc' = 0.012.
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Filgure 21.- Longltudinal characteristics of the wing with circulation control; area suction applied
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Figure 22.~ Variation of calculated horsepower requirements with angle
of attack for circulation control for 45° sweptback wing; simulated
airplane wing loading of L0 pounds per square foot and Wing ares
400 sguare feet; dp.= 55°.
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